ABSTRACT: To elucidate the external cues triggering spawning of Haliotis diversicolor, changes in the gonads of adults and the occurrence of newly settled post-larvae were monitored from 2001 to 2004 in Sagami Bay, Japan. The gonad index (GI) and gonad somatic index (GSI) of both sexes began to increase between April and June 2002, peaked in September, and then decreased significantly by early October. In other years, GI and GSI were significantly lower in autumn. Between June and September in each year, almost all females had a mature ovary and most were capable of spawning, but the occurrence of newly settled post-larvae (< 500 µm in shell length) was strictly limited to the periods just after typhoons passed through the study area. The GI and GSI of both sexes also decreased significantly only after typhoon events. Although mature adults experienced various changes in seawater temperature, tidal height and lunar phase during the survey periods, evidence of spawning was observed only after typhoon events. There were no specific trends in seawater temperature and lunar phase before newly settled post-larvae were collected. Our results suggest that spawning of H. diversicolor is strongly associated with typhoon events. Most individuals had an immature ovary just after the passage of a typhoon. However, 1 mo after spawning, most individuals had a mature ovary with a high GI, suggesting that H. diversicolor requires an interval of about 1 mo between successive spawning events.
INTRODUCTION
Fertilization is critical for successful reproduction, and many marine organisms have evolved traits to maximize the rate of fertilization. For most broadcast spawners, fertilization occurs in the water column after the gametes are released. Viability of the gametes is not maintained for long (e.g. Kikuchi & Uki 1974b , Benzie & Dixon 1994 ; therefore, the fertilization rate is enhanced by synchronous spawning that is commonly observed in marine invertebrates, e.g. echinoderms, sponges, mollusks (Babcock et al. 1992) , polychaetes (Babcock et al. 1992 , Watson et al. 2000 , scallops (Williams & Babcock 2004) and corals (Babcock et al. 1986) . Environmental factors such as lunar and tidal cycles (Babcock et al. 1986 , Watson et al. 2000 , Counihan et al. 2001 , storm events (Creese & Ballantine 1983 , Sasaki 1985 , Sasaki & Shepherd 1995 and temperature changes (Tanaka et al. 1986 , Minchin 1992 are potential cues that induce spawning of shallow-water animals.
(CCA) in shallow rocky reefs around Nagai in 2001 and 2002 (T. Onitsuka unpubl. data) . In laboratory experiments CCA induced strong and rapid larval attachment and metamorphosis of H. diversicolor (Onitsuka 2006) and all other abalone species tested (Roberts 2001) .
Histological observations of gonads have been carried out on many abalone species (Tomita 1967 , Young & Demartini 1970 , Jebreen et al. 2000 , Fukazawa et al. 2007 ). These observations indicate that the maturation processes of the ovary are very similar among the species (Fukazawa et al. 2007) . In previous studies, changes in the gonad index (GI) and oocyte development in the ovary suggested that the spawning season of Haliotis diversicolor was between June and November at (excluding the digestive organ) to the diameter of the cross section at 1 cm from the tip of the preserved gonad portion (Ino & Harada 1961) . The GSI was calculated as the ratio of the weight of the gonad portion to the whole body weight using Eq. (1), following the method of Webber & Giese (1969) . The CF was calculated as the ratio of the weight of the muscle portion to the SL using Eq. (2) (Ishida & Tanaka 1983) . (Fig. 2) . The maturation stage of the ovary from each individual was defined by the developmental stage that dominated in the ovary.
Sampling of newly settled post-larvae. To monitor the occurrence of newly settled post-larvae, 3 cobblestones (10 to 40 cm in the longest dimension) covered with CCA were collected haphazardly from each station, weekly in principle, from August to November 2001 and 2002, from July to October 2003 and from June to September 2004. Individuals < 500 µm SL, which had probably settled within a week prior, were defined as newly settled post-larvae. Each stone was put into a Ziplock plastic bag underwater at the station, immediately returned to the laboratory (National Research Institute of Fisheries Science at Nagai; Fig. 1 ) and immersed in 10% ethanol in seawater for approximately 10 min to anesthetize the abalone. Post-larvae were then detached from the cobblestone in 10% ethanol in seawater using a brush and collected in a plankton net of 110 µm mesh. Post-larval abalone were counted and their SL was measured under a dissecting microscope. Then, post-larval Haliotis diversicolor were identified based on larval SL (Onitsuka 2006) .
Environmental factors. Changes in wave height, atmospheric pressure, tidal height, lunar stage and seawater temperature were monitored during the periods when newly settled post-larvae were collected in 2001 to 2004. Wave height was categorized into 5 grades: 0, calm sea; 1, little ground swell; 2, ground swell; 3, a few white-crested waves with a south wind; 4, many white-crested waves with a strong south wind. The wave height grade was determined daily by the National Research Institute of Fisheries Science at Nagai (Fig. 1 ). Atmospheric pressure in Yokohama, about 30 km north of the study area, was provided by the Japan Meteorological Agency (Fig. 1) . Tidal height was measured by the Geographical Survey Institute 5 km south of the study area ( Fig. 1) . Tidal height could not be measured from 10 to 24 September 2001 owing to equipment failure. The seawater temperature was measured daily at the coast adjacent to the National Research Institute of Fisheries Science at Nagai. Lunar stage data were provided by the National Astronomical Observatory of Japan. Statistical analyses. Differences among survey periods in the GI, GSI and CF were tested using analysis of variance (ANOVA) with Tukey-Kramer multiple comparison tests. Data were arcsine transformed before ANOVA to homogenize the variances. Homoscedasticity was assessed using Levene tests. Samples taken on 15 April and 1 November 2002 were excluded from the analyses because the sample size was too small (Table 1 ). All statistical analyses were carried out using JMP v. 6, SAS). 
RESULTS

Seasonal changes in GI, GSI, CF and mature stage
Seasonal changes in the GI, GSI and CF of adult Haliotis diversicolor collected in 2001 to 2002 were similar for males and females (Fig. 3) . Relatively low GI and GSI were observed from January to March 2002. The GI and GSI began to increase in April and June, respectively, and peaked in September 2002, although the GI of males showed another peak in June. The gonad indices (i.e. GI and GSI) of both sexes decreased significantly in early October (ANOVA with Tukey-Kramer multiple comparison test: p < 0.01). The CF began to increase in January 2002 and reached its highest value in April. The CF decreased in June and remained at a low level between June and November.
The proportion of females in each maturation stage was evaluated (Fig. 4) In 2003, the GI of both sexes peaked in early August and decreased significantly by mid-August (ANOVA with Tukey-Kramer multiple comparison test: p < 0.01; Fig. 5 ). The GI increased again in September and decreased slightly in October. From mid-July to early August, the ovaries of all individuals were at Stage 5 (Fig. 5) . In mid-August, however, the proportion of individuals with a Stage 5 ovary was lower, and the proportion of individuals with a Stage 3 or 4 ovary increased. The proportion of individuals with a Stage 5 ovary increased again in early September and reached 100% in late September.
Occurrence of newly settled post-larvae and changes in GI
Newly settled post-larvae (NSP) appeared in samples twice in 2001: on 29 August (first cohort) and 25 September (second cohort) at Stn 1, and on 27 and 30 August (first cohort) and 18 September (second cohort) at Stn 2 (Fig. 6a) . The GI of adult males decreased significantly between 28 August and 18 September 2001 (ANOVA with TukeyKramer multiple comparison test: p < 0.01; Fig. 6b) . A large-scale storm caused by a typhoon passed through the study area on 22 August, 5 d before the first cohort appeared, as indicated by the low atmospheric pressure and wave heights of Grade 4 (Fig. 6c) . On 11 September, 7 d before the second cohort occurred, another typhoon passed through the study area as indicated by the low atmospheric pressure and caused a storm with Grade 4 wave heights (Fig. 6c) . The first cohort occurred after the first quarter moon and during a neap tide (Fig. 6d) . No distinctive change in seawater temperature was detected before the occurrence of the first cohort (Fig. 6e) . The second cohort occurred during the new (Fig. 6d) . Again, no clear change in seawater temperature was observed (Fig. 6e) . In 2002, NSP were found only once, on 11 October, at both stations (Fig. 7) . The GI of males and females decreased significantly between 25 September and 11 October (ANOVA with Tukey-Kramer multiple comparison test: p < 0.01). A typhoon, as indicated by the low atmospheric pressure and wave heights of Grade 4 (Fig. 7) , passed through the study area on 1 October, 10 d before NSP were found.
The occurrence of NSP in 2003 was observed on 13 and 18 August at both stations (Fig. 7) . The GI of males and females decreased significantly between 4 and 11 August (ANOVA with Tukey-Kramer multiple comparison test: p < 0.01). A typhoon passed through the study area on 9 August, as indicated by the low atmospheric pressure, 4 d before the occurrence of NSP (Fig. 7) . The typhoon caused a large-scale storm in the study area, but the wave height grade could not be recorded that day.
In 2004, NSP appeared in our samples on 6 September at Stn 1 and on 14 September at Stn 2 (Fig. 7) . The GI of both sexes decreased significantly between 23 August and 2 September (ANOVA with TukeyKramer multiple comparison test: p < 0.01). A typhoon, as indicated by the low atmospheric pressure and wave height of Grade 4 (Fig. 7) , passed near the study area on 31 August, 6 d before the occurrence of NSP at Stn 1. During this year, 2 other typhoons passed the study area on 22 June and 1 July, causing wave heights of Grade 3 (Fig. 7) . NSP < 500 µm SL were not found, but several larger post-larvae were collected at Stn 1 on 7 July (640 and 720 µm SL) and 14 July (560, 600, 940 and 1200 µm SL). Slight decreases in the GI of males and females were recorded between 24 June and 8 July, but they were not significant (ANOVA: p > 0.05; Fig. 7) .
Changes in both the biological characteristics of abalone and the environmental variables in the 10 d before collection of NSP are listed in Table 2 . The cohorts that appeared in July 2004 were excluded from this analysis because no NSP were collected. All NSP in each cohort were collected after the passage of typhoons, as indicated by the low atmospheric pressure (<1000 hPa), all of which caused large storms with wave heights of Grade 4. No trends in the lunar stage were observed. The seawater temperature was within 2°C at all collections, which was not a distinctive change (Table 2) .
DISCUSSION
The GI data revealed that gonad maturation was initiated in April 2002. The CF then changed in inverse proportion to GI, suggesting that energy reserves were used for gonad maturation. The seasonal timing of gonad maturation in Haliotis diversicolor in the study area in 2002 was similar to that at Kominato, Boso Peninsula, Japan, in 1976 to 1977 .
Two cohorts of oocytes were observed within an ovary before spawning events; the primary cohort consisted of Stage 5 oocytes and the secondary cohort consisted of Stage 1-3 oocytes. The oocyte composition of the ovary in Haliotis diversicolor was similar to that in H. asinina (Jebreen et al. 2000) and H. discus hannai (Tomita 1967 , Fukazawa et al. 2007 , in which the secondary cohort begins to mature immediately after the primary cohort is released. The secondary cohort is ready to be spawned after at least 2 wk at about 26°C in H. asinina (Jebreen et al. 2000) and after about 1 mo at 20°C in H. discus hannai (Fukazawa et al. 2007) . In H. diversicolor changes in the proportion of individuals in various stages of ovary maturation in 2003 suggested that a new cohort of oocytes began to develop shortly after the previous oocyte cohort was spawned, and the secondary cohort was ready to be spawned after approximately 1 mo. Therefore, it is inferred that H. diversicolor requires an interval of at least 1 mo between spawning events.
The spawning season of Haliotis diversicolor in Japan was previously reported to be from June to November (Oba 1964 . suggested that H. diversicolor becomes capable of releasing gametes at a GI of 70 in males and 90 in females. In H. discus hannai, females with Stage 5 oocytes are able to spawn (Fukazawa et al. 2007 adults inhabiting the study area appeared ready to release their gametes in these periods. However, the occurrence of NSP of H. diversicolor was strictly limited to the periods just after the typhoons passed near the study area (a total of 6 times). The GI of both sexes also decreased significantly only after typhoon events, and few or no females with a Stage 5 ovary were observed following the typhoons. These results suggest that spawning of H. diversicolor is strongly associated with typhoon events. For other abalone species, sudden changes in seawater temperature (Tanaka et al. 1986 ) and tidal amplitude and/or lunar cycle (Counihan et al. 2001 ) have been suggested as spawning cues. During our survey, mature adult H. diversicolor experienced various changes in seawater temperature, tidal height and lunar phase, but evidence of spawning corresponding with those environmental changes was not found.
Larvae of Haliotis discus hannai were often collected following minor storms as well as typhoons (Sasaki & Shepherd 1995) . Although a few minor storms passed our study area and caused a wave height of Grade 3, NSP of H. diversicolor did not occur after these minor storms. Unlike other abalone species studied to date, the spawning of H. diversicolor appears to be triggered only by typhoon-scale storms. Given this conclusion, it is interesting to consider the regularity of this spawning cue and the implications that the timing and frequency of typhoons may have for recruitment in H. diversicolor.
In the past 50 yr, an average of 1.5 typhoons yr Therefore, the typhoon and/or its associated events are favorable cues for Haliotis diversicolor in Sagami Bay to synchronize its spawning and may be more reliable for H. diversicolor than for H. discus hannai, which is found in the northeastern region of Honshu. Storms caused by typhoons are often advantageous to abalone. For example, the strong current caused by the storms may enhance larval dispersion (Sasaki & Shepherd 1995) and provide a favorable substratum for the settlement of larval abalone by removing sediments from the surfaces of CCA, as has been demonstrated for Haliotis diversicolor in a laboratory experiment (Onitsuka 2006) . The photosynthetic activity of CCA also decreases as surface sediments increase (Harrington et al. 2005) . Overturning of stones caused by a very strong water current can remove surface sediments and may dislodge epiphytes on CCA surfaces, which negatively affect the growth of CCA. Storms may also have negative effects on abalone. The occurrence of deformed larvae (Tanaka 2000) and high mortality of post-larvae and early juveniles (Sasaki 1985) may be caused by water turbulence during storms. The passage of a typhoon and/or its attendant storm seems to be a necessary cue for triggering the synchronous spawning of H. diversicolor and could be important in creating favorable conditions for larval settlement, but may negatively affect the survival of post-larvae and juveniles.
The timing of typhoons at the spawning ground may also be important for successful recruitment of Haliotis diversicolor. The hatch rate of abalone eggs and subsequent larval development are greatly influenced by changes in seawater temperature (Lu et al. 2004 ). The hatch rate of H. diversicolor eggs was about 95% at 27°C, but decreased to about 40% at 21°C (Lu et al. 2004) . If spawning triggered by a typhoon occurs late in the spawning season, the hatch rate of eggs and survival rate of larvae might decrease due to the lower seawater temperature. Individuals born late in the spawning season have a limited time before winter, and thus might not be able to grow large enough to survive in low seawater temperature during winter, as discussed for H. discus hannai (Saito 1981 , Shibui 1984 , Takami 2002 .
The timing of typhoon-triggered spawning in Haliotis diversicolor may affect its egg quality and influence subsequent post-larval survival. The egg quality of H. discus hannai, which influences larval and post-larval survival and growth (Fukazawa et al. 2005) , can change within a spawning season (Fukazawa et al. 2007) . In H. discus hannai, 2 oocyte cohorts can develop during a single spawning season. The eggs developed in the latter oocyte cohort are of higher quality and have higher post-larval survival and growth rates (Fukazawa et al. 2005 (Fukazawa et al. , 2007 . Also, the quality of eggs developed from the same oocyte cohort become higher later in the spawning season (Fukazawa et al. 2005) . A similar phenomenon may occur in H. diversicolor, although studies of egg quality have not been conducted in this species.
In this study, we clearly revealed that the spawning of Haliotis diversicolor was triggered only by the passage of a typhoon and its associated events by comparing the timing of occurrence of NSP and the changes in gonads of adult abalone. As the next step, direct cues associated with typhoons should be determined and physiological mechanisms underlying resultant spawning examined. The timing of typhoon passage may be a potential factor controlling recruitment success of H. diversicolor. Further work is needed to examine the relationship between the timing of spawning and the subsequent post-larval survival and growth.
